cell wall material and not only crystalline cellulose as its initial nomenclature suggested. Cellulosomes may be the largest extracellular enzyme complexes found in nature, since polycellulosomes have been reported to be as large as 100 MDa, although the individual cellulosomes range in mass from about 650,000 Da to 2.5 MDa.
Cellulosomes were first observed by Bayer and Lamed as large protuberances on the surface of C. thermocellum (2, 31) , and the complex was found to consist of a nonenzymatic scaffolding protein to which were attached a number of enzymatic subunits (3) . These observations on the complex structure were supported by the findings of Mayer et al. (38) , who found by electron microscopy that cellulosomes had an ordered arrangement of subunits. There has been a relatively rapid expansion in identification of cellulosomes from various anaerobic cellulolytic bacteria (Table 1) , and it is likely that cellulosomes will be identified in a large number of anaerobic bacteria. Cellulosomes are now thought to degrade not only crystalline cellulose, but also hemicelluloses, chitin, and even pectin, depending on the source of the cellulosomes. Interestingly, in one case, cellulosome-like structures were observed with Clostridium acetobutylicum, but they did not have any activity in degrading crystalline forms of cellulose (55) . Recent studies have been devoted to characterizing and comparing the properties of the scaffolding protein and the cellulosomal enzymes from various bacterial sources. They have provided a glimpse into the diversity of cellulosomes and a partial rationale for their existence.
the assembly of the cellulosome. The number of cohesins present in various scaffoldins varies, as Fig. 1 illustrates. There is a considerable degree of amino acid homology between cohesins from different species. However, the cohesins appear to be quite specific in their interactions with the dockerin domains that are present in all cognate cellulosomal enzymes. This was demonstrated when the cohesins present in CipA of C. thermocellum did not interact with the dockerins present in C. cellulolyticum enzymes and vice versa (49) . This high specificity in cohesin-dockerin interaction has allowed the development of an interesting test system for synergy, which will be discussed later.
CBDs (CBMs)
The CBD (also called the carbohydrate binding module [CBM] ) of scaffoldins binds the cellulosome tightly to the cellulose substrate (8) . The CBD appears to bind the cellulosome to the crystalline form of cellulose more efficiently than to amorphous forms of cellulose (23) . In addition, the CBD of the C. cellulovorans scaffoldin can bind to chitin, which has a backbone and structure similar to those of cellulose (23) . In one case, Ruminococcus flavefaciens ScaB apparently does not contain a CBM (Fig. 1) , although a CBM sequence may be found in an ancillary protein that works in conjunction with ScaB. The CBDs are variable and are divided into a number of families based on their amino acid sequences and occur not only in scaffoldins, but as domains of various cellulosomal and noncellulosomal cellulases (8) . In the context of the CBMs illustrated in Fig. 1 , the family 3 CBMs are capable of binding crystalline cellulose.
HLDs
The various scaffoldins also contain domains the functions of which have not been clearly identified or which are present somewhat uniquely in the scaffoldin. The presence of hydrophilic domains (HLDs) has been observed in a number of scaffoldins, and there are up to four of them in C. cellulovorans CbpA (59) . It has been proposed that these HLDs or surface layer homology domains (SLHs) in C. cellulovorans play a role in binding the cellulosome to the cell surface (27, 62) . This idea is based on data from the SLHs present in endoglucanase E (EngE) (62), which will be discussed later. During growth, there is a tight association between the cell and the cellulose substrate. This association is facilitated by the cellulosome, which binds to both the substrate and the cell surface. This close association presumably facilitates degradation of the substrate and ready assimilation of the sugars as they are produced by the cellulosomal enzymes.
OTHER DOMAINS OF SCAFFOLDIN
The other domains of scaffoldin include a different type of dockerin, called dockerin II, in the C. thermocellum scaffoldin CipA (26) . The dockerin II binds to cohesin II domains found in proteins SdbA, ORF2p, and OlpB, which also contain SLHs. These three proteins can bind cellulosomes through the dockerin II-cohesin II interaction, and these complexes can then bind to the a cell surface binding complex that attaches the cellulosome to the surface of the C. thermocellum cell through their SLH domains (19, 32, (34) (35) (36) . The dockerin II domain has not been observed in any of the scaffoldins of mesophilic cells. Thus, a different mechanism may exist for attaching the cellulosome to the surface of mesophilic bacteria. Thus, in this case, the binding of the cellulosome to the cell surface does not depend on SLH domains and illustrates the existence of another type of cellulosome-cell association mechanism.
In the case of R. flavefaciens, the scaffoldin-type ScaA contains three cohesin domains, a C-terminal dockerin, and a unique N-terminal X domain (12) . ScaA does not contain an identifiable CBM and yet is able to bind to cellulose. Thus, it appears that either a novel CBM has not been identified for ScaA, or some other factor is involved in binding ScaA to the substrate. It is proposed that ScaA interacts with a surfacebound ScaB protein and that the cellulosome is bound to the cell surface by this interaction.
An unusual situation exists with Acetivibrio cellulolyticus, since its scaffoldin not only serves as a scaffolding protein for a number of enzymatic subunits but also contains a family 9 glycosyl hydrolase enzymatic domain that can function to degrade cellulose (10) .
Thus, the properties of scaffoldins suggest that they not only serve as scaffolding proteins to bind cellulosomal enzymes, but some have evolved or combined multiple functions, including cell surface binding functions and even enzymatic activity. It is likely that as more scaffoldins are characterized, diverse structures and functions will be found.
CELLULOSOMAL ENZYMES
Cellulosomal enzymes contain minimally a catalytic domain and a 22-amino-acid-long duplicated sequence, the dockerin (1). The presence of a dockerin in an enzyme usually indicates that it is a cellulosomal enzyme, since the dockerin interacts with the cohesins of the scaffolding protein to form the enzyme complex. Several other domains besides the catalytic domain and dockerin have been found including CBDs, immunoglobulin-like domains, and SLH domains ( Table 2) .
Usually the dockerin interacts specifically with its cognate cohesin present on the scaffoldin (40) . A more complex situation has been observed with the cellulosome system of R. flavefaciens (54) . In this case, the putative scaffolding protein ScaA lacks an identifiable cellulose binding module, and its dockerin interacts with the cohesins present in a putative surface-binding protein, ScaB. The cohesins of ScaA interacted with EndB, but not with XynE or CesA, which had dockerins closely related to but different from EndB. XynE and CesA did bind to alternative electrophoretic protein bands of R. flavefaciens, suggesting that the dockerin specificities of EndB were different from those of XynE and CesA and that there may exist another scaffoldin that has cohesins that can bind XynE and CesA. The results suggest the possibility that the other protein band that binds XynE and CesA is a fragment of ScaA or that a completely different scaffolding from ScaA exists. There has been no confirmed existence to date of two different scaffoldins being present in a cell. However, it would not be surprising if such a situation does exist.
Although cellulosomes were thought initially to degrade only cellulose, it is evident that cellulosomes contained a variety of degradative enzymes that could attack cellulose, hemicelluloses, chitin, and pectin (63) ( Table 2) . Thus, more recently, the concept of the cellulosome has changed from a cellulase complex to an enzyme complex that can degrade various plant cell wall materials. The term "cellwallase" has been used when natural substrates have been used (43) . The types of cellulosomal enzymes that have been found are listed for the mesophilic clostridia C. cellulovorans, Clostridium josui, and C. cellulolyticum in Table 2 . Similar types of enzymes have been described for the thermophile C. thermocellum (57) .
CELLULASES
The cellulases, which comprise the major fraction of the cellulosomal enzymes, usually fall into three families of glycosyl hydrolases, consisting of family 5 and 9 endoglucanases and family 48 exoglucanases ( Table 2 ). The family 9 members are especially interesting, since not only can they cleave cellulose fibers internally, but they can also then processively degrade the polymer from the point of cleavage (21) . This type of activity also appears to be true for a family 48 enzyme CelF from C. cellulolyticum (53) . However, since this activity of CelF was observed with acid-swollen cellulose, it is still uncertain whether this processive function will occur with natural substrates that contain crystalline cellulose.
A modification of a cellulase gene has been obtained through DNA shuffling techniques. In this case, more heatstable enzymes were derived by shuffling genes that coded for two homologous endoglucanases, EngB and EngD, from Clostridium cellulovorans (44) . The parental enzymes were active at 45°C but not at 55°C. The recombinant enzymes were stable at 55°C and as active as the parental EngB enzyme. Most of the amino acid residues of the recombinant enzymes were derived from EngB, but the critical amino acids for thermostability were derived primarily from EngD. Thus, this technique can be used to modify cellulase genes and select for various recombinants by suitable screening procedures (41) .
HEMICELLULASES AND OTHER ENZYMES
The cellulosomal hemicellulases include xylanase and mannanase, which occur frequently in the cellulosome ( Table 2) . The xylanases are members of family 11 of glycosyl hydrolases, and mannanase is a member of family 5. A pectate lyase of family 9 has been observed in cellulosomes (63) , and these A cellulosomal chitinase has been reported for C. thermocellum (67) . This suggests the possibility that cellulosomes not only degrade lignocelluloses, but also degrade chitin, which occurs in fungi and which comprises the exoskeleton of many insects. Since many of the cellulolytic microorganisms reside in soil, they may also use chitin found in dead insects and fungi as a carbon and nitrogen source. Thus, the enzymatic composition of the cellulosome may reflect the environmental substrates that are available.
HETEROGENEITY OF CELLULOSOMES
The large number of enzymes that are present in the cellulosomal fraction and the limited number of cohesins on the scaffoldin suggested the possibility of a heterogeneous population of cellulosomes. This was shown to be the case with Clostridium papyrosolvens (52) and in C. cellulovorans (43) . The C. papyrosolvens cellulosomes were separated by anion-exchange chromatography into seven distinct populations. The only common subunit present in all of the separated populations was the 125-kDa scaffoldin. The different subunits in these populations represented the presence of a large number of different cellulosomal enzymes. Furthermore, when these populations were examined by transmission electron microscopy, each population had a distinct morphology, again indicating a difference in subunit composition of these complexes (51) . It seems clear at this time that cellulosomes are heterogeneous in enzymatic subunit composition and that in nature this may help the bacteria to degrade a complex substrate such as plant cell walls very efficiently.
CLUSTERS OF CELLULOSOMAL GENES
Since the cellulosome consists of a large number of subunits that are probably expressed simultaneously, it was of interest to see whether the genes were present in a large operon or whether they existed in a number of smaller operons. The analysis of the cellulosomal genes has revealed in C. cellulovorans and C. cellulolyticum that a large cluster of genes does occur in both species. In C. cellulovorans, there are nine genes related to the cellulosome present in a large gene cluster (64) . In C. cellulolyticum, the gene cluster is even larger (6) . From genome analysis, C. acetobutylicum also contains a cellulase gene cluster (47) . An interesting observation with the C. cellulovorans gene cluster is that a transposase gene is present at its 3Ј end (64) . This finding suggests the possibility that the gene cluster had been introduced into C. cellulovorans by horizontal gene transfer.
Although several of the cellulosomal genes are clustered, there are a large number of cellulosomal genes that are not linked, and several occur as monocistronic genes in C. cellulovorans (24, 64) . In the case of C. thermocellum, a large gene cluster of cellulosomal genes does not occur (57) .
REGULATION OF EXPRESSION OF CELLULOSOMAL GENES
Expression of cellulosomal genes. There has been little study of the regulation of expression of the cellulosomal genes. A recent analysis of the expression of the genes in the large gene cluster of C. cellulovorans has revealed that several operons exist (24) . Transcripts that contained mRNA for cbpA and exgS and for cbpA, exgS, engH, and engK were observed as well as a transcript encoding engK, hbpA, and engL. Monocistronic mRNAs for manA and engM were also identified. For cellulosomal genes not linked with the large gene cluster, monocistronic mRNAs were revealed for engE, xynA, and pelA. The promoters for cbpA, engE, manA, and hbpA exhibited a strong similarity to the A consensus promoter sequence of grampositive bacteria.
An analysis of the regulation of the celS gene of C. thermocellum indicated that the amount of CelS produced was less in cultures grown on cellobiose than on cellulose (16) . These studies also indicated that the amount of celS mRNA was inversely proportional to the growth rate under carbon and nitrogen limitations. The promoters as determined by primer extension analysis revealed the presence of two promoters for the celS gene, one similar to the A promoter and the other to the B promoter of Bacillus subtilis. The regulation of celS is related to the growth rate, and the expression of celS appears to be complicated by the presence of two promoters that can be expressed either at the log phase or under certain stress conditions.
In one interesting case, the C. acetobutylicum genome contains the genes for cellulosomal components, including the scaffolding protein and cellulases, and produces a cellulosomelike complex, which for some unknown reason cannot degrade crystalline cellulose (55, 56) .
Further analysis of the expression of cellulase and hemicellulase genes should provide useful information for better understanding of regulatory elements, coordinate expression of genes, substrate induction, and more efficient production of these enzymes by genetic manipulations.
DESIGNER CELLULOSOMES
In vitro constructs. There has been a recent interest in constructing designer mini-cellulosomes (17, 42, 45, 46) for several purposes, including studying the functions of cohesins, analyzing synergy between various cellulosomal enzymes, and improving the efficiency of cellulosomes (Fig. 2) . The recent studies were based on the successful construction of minicellulosomes (13) and ideas behind the development of designer cellulosomes (1) .
The groundwork for designing mini-cellulosomes with specific functions originated with the observation of synergistic action on crystalline cellulose when endoglucanase E (EngE) from C. thermocellum was bound to CipA (9) . In further studies of cohesin-dockerin interaction, it was found that a C. thermocellum mini-CipA containing cohesin I and II domains interacted well with enzymes containing dockerin I and II (26, 33) . In the latter study, there was a specific interaction between the cohesins and their cognate dockerins. It was also found that mini-CipAs containing CBM increased the activity, that synergism occurred when the enzyme was associated with miniCipA, and that the presence of the CBM was critical for maximizing the activity. In a further development of this approach, a mini-CipA was constructed that contained a CBM and two cohesins: one from C. thermocellum and one from C. cellulolyticum. Since there is no cross-species interaction between cohesins and dockerins (49), chimeric cellulosomes with precise enzymatic composition and activity were constructed by adding cellulosomal enzymes from the two bacterial species (18) .
These types of experiments have led recently to a very elegant study in which mini-scaffoldins were constructed with a CBD and neighboring cohesins that had divergent specificity. These mini-scaffoldins were combined with two cellulases, each containing a dockerin that interacted with one of the divergent cohesins (17) . A combination of 75 different chimeric mini-cellulosomes was constructed. These studies showed that the formation of chimeric mini-cellulosomes contributed to higher activity on crystalline cellulose than free enzymes, that the CBD contributed to higher activity by bringing the enzymes closer to the substrate, that the composition of the neighboring enzymes had a positive effect on activity, and in some cases, that one of the enzymes predominated over the other.
In studies with mini-cellulosomes with defined enzymatic compositions, the different combinations of cellulosomal enzymes present in mini-cellulosomes resulted in significant synergy. Cellulases could act synergistically (45) , and a combination of cellulases and xylanases (46) also contributed to a synergistic degradative effect on substrates. There was an optimum ratio of the cellulases for obtaining maximum synergy. Interestingly, the sequential addition of xylanase and cellulase to the substrate did not enhance the synergistic effect, whereas the simultaneous addition of xylanase and cellulase did improve the activity on corn fiber. These results suggested that the structure of the corn fiber allowed both enzymes to function simultaneously and that there was no removal of xylanase prior to attack by the cellulase.
Although synergistic effects were obtained with mini-cellulosomes, the native cellulosomes still showed much higher activity than a combination of mini-cellulosomes. Therefore, there is much to be learned about the combination of enzymes that leads to maximum activity against natural substrates. It has also been shown that there is synergy between cellulosomes and noncellulosomal enzymes for the degradation of corn fiber (28) . It is therefore likely in nature that microorganisms produce not only cellulosomes but also a battery of noncellulosomal lignocellulolytic enzymes that act in concert with the cellulosome to attack complex substrates.
In vivo constructs. There is current interest in developing in vivo systems in various bacteria in order to use relatively inexpensive biomass or agricultural wastes as a substrate to obtain the production of valuable products. One example of this type of research is to insert cellulosomal genes into organisms that already are able to produce valuable products, such as ethanol, butanol, or amino acids. If these organisms can now use biomass for their substrate, there may be considerable savings in the costs of media. Cellulosomes are important in that they can degrade crystalline forms of cellulose, which are recalcitrant to many enzymes that can degrade soluble or amorphous forms of cellulose. Furthermore, cellulosomes can degrade hemicelluloses and pectin, two other major components of plant cell wall materials.
There has been one report of designer cellulosomes being expressed in vivo in C. acetobutylicum. Although C. acetobutylicum has genes that code for enzymes and cellulosomes and produces an extracellular complex of Ͼ665 kDa, it cannot grow on cellulosic materials. By construction of a mini-CipA gene coding for CBD-HD 1 -HD 2 -Coh 1 -HD 3 -Coh 2 -HD 4 with a mass of 89.5 kDa, insertion of this gene into C. acetobutylicum, and growth on cellobiose and crystalline cellulose, a cellulosebound protein fraction was obtained that had a mass of about 665 kDa and contained a protein of about 250 kDa (56) . A sodium dodecyl sulfate-polyacrylamide gel electrophoresis analysis of the 665-kDa complex revealed the presence of miniCipA and Cel48A. The recombinant mini-cellulosome could not degrade Avicel or bacterial cellulose. However, the evidence was indicative of in vivo formation of a recombinant mini-cellulosome.
The in vivo formation of a recombinant cellulosome suggests that it will be possible in the future to insert cellulosomal genes into hosts that produce valuable products and that these hosts will produce cellulosomes and grow on inexpensive plant cell wall materials. Thus, the in vivo formation of cellulosomes could lead to great savings in the production of valuable materials that are currently being produced on high-cost substrates.
FUTURE STUDIES WITH CELLULOSOMES
Several aspects of cellulosomes require further inquiry. These include the following.
(i) How do cohesins and dockerins interact at the molecular level? Although crystals of cohesin (58) have been obtained, crystallization of cohesin-dockerin complexes apparently has not been achieved. This could lead to an interesting explanation of how cellulosomal enzymes are bound to the scaffolding protein.
(ii) How is the extracellular cellulosome assembled? Since all of the subunits of the complex have signal peptides and are secreted, how is each subunit formed into its final mature conformation, and how do the enzymatic subunits find their way to the cohesin sites on the scaffolding protein?
(iii) How do polycellulosomes form? Since there are large masses of cellulosomes on the surface of the cell, are cellulosomes linked, or are they just aggregated? There is a hint that scaffolding proteins may interact, thus linking cellulosomes into polycellulosomes.
(iv) What are the mechanisms for binding the cellulosome to the cell surface? Since all scaffolding proteins do not contain dockerin 2, which has been implicated in the case of C. thermocellum for binding the cellulosome to the cell surface through its interaction with Olp proteins that contain SLHs, there must be other modes for cell surface binding of cellulosomes. Are HLDs involved in binding cellulosomes to cell surfaces?
(v) What regulates the expression of cellulosomal genes? There is evidence that different polymeric substrates induce different cellulosomal enzymes. An understanding of regulation is necessary to construct strains that can maximally utilize various substrates.
(vi) Can we develop designer cellulosomes that are more efficient than current native cellulosomes? We will have to determine the combination of cellulosomal enzymes with the highest synergy activity. The use of scaffolding proteins with high affinity for the substrate and a combination of synergistic cellulosomal enzymes may increase the overall efficiency of the complex.
(vii) How do cellulosomes attack natural substrates such as plant cell walls, which are complex materials with various polymers and compounds? Do cellulosomes attack the polymers in a sequential fashion, e.g., pectin, hemicelluloses, and finally celluloses? Can the use of cellulosomes be used to analyze plant cell wall structure?
(viii) Can we in fact construct different bacterial strains that can utilize plant cell wall materials as an inexpensive growth substrate? Preliminary experiments suggest that cellulosomes can be constructed in vivo, and this should lead to the utilization of designer cellulosomes and metabolically engineered hosts for the formation of many valuable products.
(ix) Are cellulosomes a common feature of anaerobic cellulolytic bacteria? There are numerous reports of dockerin-like domains, scaffolding-like proteins, and extracellular complexes or protuberances. When these reports are verified with solid evidence for the presence of cellulosomes, they may turn out to be a common feature of anaerobic degradative bacteria. Also it is likely that many environmental niches will be filled by cellulosome-producing organisms ranging from thermophilic to psychrophilic bacteria, from rumen to soil bacteria, and bacteria under various salt and pH conditions. Will they all be strictly anaerobic bacteria, or will some facultative anaerobic bacteria also produce cellulosomes?
CONCLUSIONS
Studies of cellulosomes indicate that cellulosomes are complex and heterogeneous in subunit composition. Cellulosomes are also efficient degraders of plant cell wall materials based on their content of diverse enzymes. Although the studies reported give an overall picture of the cellulosome, there is still much to be learned about their structure, function, regulation, assembly, and mechanism of action. Furthermore, if genetic manipulations are to be carried out, genetic systems will have to be developed that can modify the host cell and their cellulosomes. The ultimate goal will be to construct high-expression hosts with designer cellulosomes that can utilize various types of inexpensive biomass very efficiently.
